• CFD-based shape optimization of a nozzle and a turbine blade regarding nucleating steam flow is performed.
optimization.
Nomenclature: 
Introduction
The usage of industrial steam turbines with several stages is ubiquitous in fossil-fired and nuclear power plants. When high pressure steam flows through consecutive stages of a steam turbine, its pressure and temperature drops sharply. Eventually and within final stages of the turbine, vapor becomes supersaturated (with local pressure levels higher than the vapor pressure at the corresponding mixture temperature) and non-equilibrium condensation stems from homogenous ) or in the presence of foreign impurities heterogeneous) nucleation. Due to high velocity of the bulk flow, a thermodynamic equilibrium will not be reached by the vapor and liquid droplets within the blade cascade and a non-negligible temperature difference is observed between these two phases alongside velocity slip. The presence of water droplets in gas flow (wet steam)
yields to three major losses [1] :
(1) Thermodynamic losses (due to heat transfer between liquid phase and gaseous phase and its associated entropy generation) (2) Aerodynamic losses (due to formation of a liquid layer on the top of turbine blades and large droplets formed at the trailing edge of blades and their interaction with the bulk flow and possible shock waves through drag force) (3) Erosion losses (due to high velocity water droplets which impact the surface of turbine blade)
These three losses are collectively called wetness or moisture losses which degrade the overall performance of a steam turbine in comparison with a dry working condition (a rule of thumb states that 1% loss in efficiency for every 1% wetness fraction) [1] . According to the experimental measurements conducted by white et al. [2] , the wetness loss in the last stages of steam turbines is comparable to the magnitude of the viscous loss. Therefore, the study of transonic two-phase flows (wet steam flows) through last stages of steam turbines has become an active field of research for at least 4 decades. These studies have tried to explore the physics of such a complicated flowing phenomenon in order to devise new techniques for reducing wetness loss or equivalently increasing the turbine efficiency.
For the study of two-phase transonic flows, computational fluid dynamics (CFD) has been established as a reliable predictive tool. The necessary groundwork for developing powerful numerical method for wet steam flows with non-equilibrium condensation was provided by the experimental data for nucleating flows in nozzles and turbine cascades [3] [4] [5] . Among one the first successful attempt to tackle the 2D transonic wet steam flow problem, one could mention the work by Gerber and Kermani [6] whom have developed a model for homogenous nucleation in high-speed flows based on an Eulerian-Eulerian description of two phase flow and the classical nucleation theory.
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Dykas et al. [7] highlighted the importance of using real gas model in simulation of transonic wet steam flows in order to obtain reasonable estimation for thermodynamic losses. More comprehensive results presented by Nikkhahi et al [8] portrayed the capability of EulerianEulerian description of gaseous phase and water droplets in accurate prediction of pressure distribution around a 2D turbine's rotor tip. Wroblewski et al. [9, 10] proposed and validated a new theoretical treatment for heterogonous condensation of wet steam in the low pressure part of large power turbines for 2D and 3D turbine geometries when insoluble impurities like NaCl are present in the steam flow.
The effect of back pressure on the non-equilibrium condensation through a turbine cascade was studied numerically and experimentally by Yousif et al. [11] . It was reported that low back pressure causes a high level of liquid mass fraction for a wide range of inlet conditions.
Moreover, a favorable agreement was reported between numerical solution and experimental measurements.
Dykas and Wroblewski [12] presented a two-fluid formulation for homogenous condensing flow accounting for gas flow turbulence and compressibility together with slip velocity at the gas/liquid interface neglecting the viscosity of water phase. They successfully implemented their formulation into an in-house CFD code for simulating the transonic two phase flow thorough a 2D blade cascade. Significant velocity slip is reported around the trailing edge of turbine blade and the sign of slip velocity varies in different areas of flow channel due to local characteristics of compressible two phase flow. Condensing flow through an entire last stage of a nuclear steam turbine with long-spanned blades were studied in Ref. [13] , where three liquid phases were considered to account for water droplets at the inlet of the stage, nucleated droplets in the rotor 7 and nucleated droplets in the stator. The variation of wetness fraction and enthalpy drop across the blade span was presented.
A 3D numerical simulation of wet steam flow through stationary and moving blades of a steam turbine was carried out by Yu et al. [14] . The main motivation behind the study was the examination of the adverse effect of liquid droplet deposition (onto turbine blade) on the performance of the turbine. Dykas et al. [15] carried out detailed experiments on transonic wet steam flows through two different geometries, a Laval nozzle and a stationary linear blade cascade. As a major finding, the formation of coarse water droplets prompted by shock waves was reported near the outlet of the nozzle and at the trailing edge of blades. The experimental results were compared to a series of numerical simulation performed by an in-house code based on unsteady RANS formulation together with SST k-ω turbulence model. The volume of vapor, droplet interaction and the velocity slip between liquid and gaseous phases were neglected to obtain a one-fluid formulation based on continuous droplet growth model. A good agreement was detected between calculated and measured static pressures for both geometries. However, the location of shock waves in blade cascade is slightly shifted downward in numerical simulation due to the inability of the developed code to capture the thin water film flowing on the side of solid blades.
A review of numerical simulations cited above reveals that numerical method for the transonic wet steam flow with non-equilibrium condensation has become mature enough to be used for shape optimization (aimed at obtaining minimum wetness loss) of flow passages in which spontaneous condensation occurs. The shape optimization is carried out successfully for a 1D nozzle geometry in [16, 17] using proper numerical two phase flow solvers. To best of our knowledge, no attempt was reported to optimize the profile of a turbine blade cascade in 8 presence of non-equilibrium condensation. Therefore, in this work, we are aimed to utilize an inhouse numerical two phase flow solver (which its suitable performance has been proved previously [18] [19] [20] ) to optimize the profile of a 2D turbine blade cascade and a 3d nozzle accounting for homogenous nucleation of water droplets in gas flow and the velocity slip between gas and liquid phases. The optimization will be carried out in respect to various relevant objective functions and the performance of each optimization attempt will be evaluated based on
proper parameters which could measure the wetness loss in the presence of condensation.
Moreover, the effect of shape optimization will be investigated in detail on the main feature of wet steam flow across nozzles and stationary blade cascade.
To achieve our goal, a two-fluid formulation is employed together with the classical nucleation and growth model accounting for vapor and droplet mixture departure from thermodynamic equilibrium. The Genetic Algorithm (GA) is used as the global optimizer with various objective functions to modify the shape of turbine blades in order to ultimately achieve a better performance for the entire blade cascade and turbine. Moreover, in this study the characteristic parameters of non-equilibrium condensation phenomenon are considered as objective functions in GA method for the optimization of steam blade profile for the first time.
The manuscript is organized as follows: in section two and three, the governing equations for wet steam transonic flow with condensation are presented. The details of the numerical method employed in this work is given in section 4 followed by numerical results for a 3D nozzle and a 2D turbine cascade. Finally, the work is concluded by highlighting its major findings.
Governing Equations
In this study, a two fluid model is adopted in which the continuity, momentum and energy conservation equations are solved for each phase separately. The governing equations for the gaseous phase are given by:
where u, ρ, α, Γ and p are velocity, density, liquid volume fraction, mass transfer rate (which will be introduced shortly) and pressure respectively. Additionally, E and H denote total energy and enthalpy and the interface parameters are defined as:
The drag force between two phases (F D ) is computed from a modified Stokes' law as [21] :
Where r is the radius of water droplets and Cc is Cunningham correction factor defined as:
where Kn is the Knudsen number. The governing equations for the liquid phase are also defined as follows:
The effect of gravitational forces is negligible on the flow field within turbine cascades and as the result a single pressure field is assumed for both liquid and gaseous phases in the governing equations 1 and 6 [20, 21] . For modeling the turbulence a modified low-Reynolds k-ε method and k-ω SST model are examined. The governing equations for each model are presented as [22, 23] :
k-ω SST model:
where index q stands for vapor or liquid phase. The extra stress tensor ij  is defined as follows:
where µ L and µ T are laminar and turbulent viscosities, respectively [24, 25] . Further details on the constants of these models can be found in Refs. [22, 23] .
In order to calculate the vapor properties at different thermodynamic states the real gas model embedded in the IAPWS-IF97 formulation [26] is utilized. Subsequently, the equation of state for the vapor phase is given by:
where A(T v ) and B(T v ) are defined as follows:
The temperature dependent constants of a i and b i (i=0, 1, 2) in Eqs. 11 are obtained from the data available in Ref. [26] . The liquid water thermodynamic properties (viscosity, density, enthalpy and speed of sound) are also determined byIAPWS-IF97 formulations.
Non-equilibrium Condensation Model
The modeling of non-equilibrium condensation frequently starts with the classical nucleation theory proposed by Deich et al. [27] . The radius of critical droplet (r * ) which must be attained in order to form a stable nucleus from supersaturated vapor according to the real equation of state is defined as [21] :
where:
The nucleation rate of droplet is also described by Eq. 14 [28] :
where M is the mass of one water molecule, K b is the Boltzmann constant, q c is the condensation coefficient and is generally taken as unity, σ is the liquid surface tension and θ is a nonisothermal correction factor which is given by the following relation [28] :
where h lv is the latent heat of evaporation at pressure p. The growth rate of nucleated droplets is expressed as follows [28] :
Pr (16) The factor (1-ν) is a semi-empirical correction introduced by [28] :
Finally, the radius of droplets is acquired from the moments method proposed by Hill [4] :
In Eqs. 18, k  is the k-th moment of droplets radius distribution with the definition of
Where n is the number of liquid droplet per unit mass of the mixture. The average droplet radius is then calculated as:
According to the condensation model adopted here (Eqs. 12-18), the phase change is represented by two mass sources:
where Г 1 is the mass source of critical droplets created due to the nucleation process, and Г 2 is the mass condensation rate of all droplets per unit volume of the two-phase mixture. These mass sources will be directly submitted to the Eq. 1 and Eq. 6 to give a closure to our set of governing equations.
Numerical Method

Problem Description
Shape optimization of a nozzle/blade cascade in its most general form could be regarded as a 
  
Ux is the vector of flow parameters including pressure and velocity fields.
is a non-equality constraint that should be upheld constantly through optimization process. For each objective function evaluation, the nozzle/blade profile has to be constructed based on geometric parameters ( x ) and a corresponding numerical mesh needs to be generated. On this 
Optimization Algorithm
The optimization problem introduced earlier in sec 4.1 is solved using the well-known Genetic algorithms (GA) as a reliable global optimizer. GA is a gradient-free optimizer which benefits from probabilistic transition to search within numerous solution candidates (which are collectively called a generation) for the optimal solution of a particular optimization problem [29] [30] [31] . In this study Non-Dominated Sorting GA (NSGA II) [31] is utilized for the optimization as its suitable performance for shape optimization has been approved by many researchers [32, 33] . The optimization algorithm can be summarized as:
Step 0: Building a surrogate model of real shape optimization problem: To overcome the exorbitant computational cost of function evaluations of GA in the shape optimization problem, it is advised to develop a surrogate function from a design of experiment (DOE) approach [32] .
In this method, for a relatively high but reasonably limited number of design candidates which are evenly distributed in the design space, a numerical mesh is generated and the value of twophase objective function is evaluated from the numerical solution of the governing equations.
From this set of data, an approximate surrogate model is built which gives the value of objective function and subsequently it will be used for function evaluation in GA.
Step1: Creation of first generation of candidates: In this study, the first population is created randomly within the design space. The population of each generation is fixed at 60.
Step2: For each generation, the algorithm evaluates all candidates using surrogate model.
Step3:
After the evaluation process, the best candidates of each generation are selected as parents to generate potentially better solutions using Roulette wheel search model which ranks every individual based on its fitness value [29] [30] . Producing new individuals (offspring) is carried out by linear crossover operator and 10 percent of off springs are mutated to produced better solution candidates. Elitism is also employed to keep the best fitted individuals (between 2-4 individuals) of each generation from being degraded by GA operators.
Step4: Now a new generation is created and the loop is carried out repeatedly until the maximum number of generations is completed.
Step 5: For the case of Multi-objective optimization the Pareto-ranking [29] is adapted which is able to identify solutions which satisfy the objectives at an acceptable level without being dominated by any other solutions. Details on Pareto-ranking can be found in [30] . The Pareto front is obtained for each pair of objectives.
Flow Solver
To numerically solve the governing equations of 1 through 21, an in-house CFD code was developed based on finite volume approach. A coupled, implicit and second order discretization scheme is used to improve the accuracy of the solution. The criterion of 10 -5 is set for the convergence of the obtained solution. As it was stated before, the following assumptions are considered for the numerical simulation:
1. The two phases have the same average pressure and a single pressure field is used for both liquid and gas phases.
2. The flow field is assumed to be unsteady and turbulent.
3. The properties vapor and liquid phase are calculated based on the IAPWS-IF97
formulations.
4. A non-equilibrium condensation model based on classical nucleation and growth theory was adopted.
As the inlet boundary condition the total pressure is set for both nozzle and turbine cascade.
Moreover, the no-slip condition is considered at the walls of the nozzle and on the surface of turbine blade. The flow field is considered to be stationary and the computational domain is filled by only the vapor at the beginning of each simulation (initial condition).
Results and discussion
In the following section, subsequent to the verification of our numerical code, numerical results concerning the shape optimization of a 3D nozzle and a 2D turbine blade cascade in the presence of non-equilibrium condensation is presented. The shape optimization procedure is aimed to reduce thermodynamic and aerodynamic losses (which are collectively called wetness loss)
caused by the occurrence of non-equilibrium condensation. These losses are commonly associated with the production of entropy and their extents could be assessed by the computation of overall entropy generation rate through the flow passage. To achieve the goal of wetness loss reduction, the shape of a 3D nozzle or 2D turbine blades needs to be modified to suppress the phase change phenomenon within the flow domain. One is able to weaken the non-equilibrium condensation via diminishing following quantities, 
Code verification and base profiles
To verify the capability of our numerical code in resolving prominent characteristics of twophase flows with spontaneous nucleation, two test cases are considered here. Firstly, the well-20 known Moore's "nozzle A" [34] is adopted and its 3D geometry is depicted in Fig. 2 . The total pressure and temperature at the nozzle inlet are fixed at P 0 =25 kPa and T 0 =354.6 K. A quadrilateral Cartesian structured numerical mesh was generated with the size of 120 × 10 × 5 In Fig. 4 , static pressure and mean droplet radius obtained from numerical simulation are compared with the experimental data provided in [34] . The comparison of the computed static pressure distribution along the nozzle centerline with its corresponding experimental measurements shows that our CFD code is well capable of capturing the location and intensity of non-equilibrium condensation and produces reliable results. As it can be seen, the static pressure decreases along the nozzle and experiences a sudden increase when the non-equilibrium condensation happens; a phenomenon which is known as "condensation shock" and it is mainly attributed to the release of significant latent heat during condensation which elevates vapor temperature and subsequently its static pressure. Additionally, the predicted droplet radius distribution along the nozzle is in a reasonable agreement with the experimental data. Comparison of the present calculation results with the experimental data [34] As the second case for the validation of our CFD code, the steam turbine blade cascade of Dykas et al. [15] is considered. The cascade is designed to operate under the condition of P 0 =89 kPa and T 0 =373.15 K at its flow inlet. Fig. 5 depicts the computational domain and the multi-block numerical mesh that is generated for numerical simulation. The numerical grid is consists of 43480 quadrilateral computational cells with its size is chosen through a detailed grid size study. Being done with the verification of our CFD code, it should be mentioned that in this work the Moore's "Nozzle A" [34] and the turbine blade cascade of Dykas et al. [15] are selected as the base profiles for the shape optimization process.
Axial coordinate (m)
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The Effect of Turbulence Modeling
Selection of a proper turbulence model is a crucial part of a successful simulation of high-speed flows including the transonic and supersonic flows through nozzles and blade cascades.
Therefore, in this section, we are intended to assess the performance of two widely used two 
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The pressure distribution along the centerline of Moore's "Nozzle A" and at the blade surface of Dykas's turbine cascade are computed using two aforementioned turbulence models. A comparison is drawn between numerical data and available experimental measurements in Fig. 7 .
As it can be seen, for both geometries, k-ω SST model is able to predict the static pressure distribution more accurately in respect to k-ε turbulence model. Therefore, hereon the k-ω SST model is used for all the simulation presented in the manuscript.
Shape Optimization of Moore's "Nozzle A"
In this section, to reduce the so-called wetness loss prompted by non-equilibrium condensation in wet steam flows through Moore's "Nozzle A", the wall profile of this nozzle was modified via conducting a shape optimization using three objective functions introduced earlier in table 1. As three constrains to the optimization problem, it is considered that the inlet, outlet and throat area of the nozzle remain unchanged after each nozzle profile modification. The obtained optimal nozzle profiles are illustrated in Fig. 8 . As it can be seen, optimization mostly altered the nozzle profile near its flow outlet and in this region optimized profiles are noticeably deviate from the linear base profile. According to table 2, for all of optimized profiles, entropy production and droplet radius decrease relative to the base profile. However, the lowest entropy generation rate corresponds to the case C 2 (the case with nucleation rate as the objective function) for which a significant 81% REG is reported. At the same time, as it is expected the highest RMDD of 59% is achieved for C 3 (the case with droplet radius as the objective function) for which the second largest REG is reported. This conclusion is justified in Fig. 9 that shows the distributions of static pressure along the axis of the nozzle. As it can be seen, the optimization of nozzle profile elevates the steam pressure across the divergent section of the nozzle and postpones the occurrence of spontaneous nucleation and weakens its strength. As the result, no noticeable condensation shock is observed in the modified pressure profiles. Moreover, the highest pressure level is observed for the case C 2 which results in sever supersession of condensation and highest value of REG. and significantly reduces the number of water droplets in the vicinity of nozzle throat (see Fig.   10c ). Therefore, for all the optimized nozzle profiles, the liquid mass fraction is reduced in comparison to the base profile throughout the nozzle. Naturally, the lowest liquid mass fraction belongs to case C 1 ; however the liquid mass fraction at the nozzle outlet is approximately identical for all the optimized cases. Moreover, for optimized profiles of C 2 and C 3 , the relaxation of water droplet radius is limited as well (see Fig. 10d ). The optimization is most 
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Shape Optimization of Dykas's Turbine Blade Cascade
As our main case of shape optimization, the blade cascade of a steam turbine stator experimentally studied by Dykas et al [15] is considered. The cascade is a part of small steam condensing power plant located at the Silesian University of Technology. Similar to the case of Moore's "nozzle A", four different objective functions are adopted as it was presented in table 1.
Moreover, the areas of inlet and outlet cross sections of the blade cascade are fixed during the optimization process. Fig. 11 illustrates the base and all of optimized blade profiles. 
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The main goal of optimizing the blade profile is to reduce wetness loss within the blade cascade.
Therefore, the merit of each optimization attempt is measured using REG, RMDD (previously introduced in section 5.3) and isentropic efficiency. These three prominent parameters are given in table 3 in which the efficiency of turbine blade cascade is calculated as follows,
where s is the isentropic condition and h is the enthalpy of wet steam. mass fraction is considered as the objective function. As a final note, it worth mentioning that the ratio of lift to drag forces are essentiality the same for all the optimized cases; because the optimization procedure presented here is mainly concerned with the thermodynamic loss in the non-equilibrium condensation rather than aerodynamics loss of the primary phase.
The elevation of isentropic efficiency for optimized blade profiles could be easily justified noting that the wetness loss caused by condensation is proportional to the strength of the condensation shock. The condensation shock itself is very sensitive to the expansion rate within the cascade which is mainly controlled by the blade profile. As it can be seen in Fig. 12 (where the static pressure distribution along the suction and pressure sides of turbine blade is depicted), the strength of the condensation shock for the optimized profiles diminishes considerably due to reduced expansion rate which results in lower wetness losses and subsequently higher efficiencies. Finally, as it can be seen in Fig. 15 , optimization of the blade profile regardless of the objective function suppresses the non-equilibrium condensation and reduces the liquid mass fraction.
Furthermore, the optimization of the blade profile shrinks and isolates the regions with considerable water content immediately after the trailing edge of the blade.
Baumann factor
A classical approach for quantifying wetness losses is the Baumann rule [35] in which the wet total isentropic efficiency ( s η ) is measured against the dry isentropic efficiency ( s,dry η ). 
Comparison between optimization in dry and wet conditions
To further investigate the effect of non-equilibrium condensation on the outcome of turbine blade shape optimization, the profile of Dykas's blade cascade is optimized in dry and wet flow conditions with identical overall pressure ratios. Dry flow condition is obtained by raising the inlet temperature of steam in order to completely eliminate the condensation within the cascade.
A comparison between these two set of results became possible by using the ratio of lift to drag forces as the objective function of the shape optimization. The optimal profiles of steam turbine blade in dry and wet flow conditions are compared to each other in Fig. 16 . As it can be seen, near the leading edge of the turbine blade, the profile is modified more significantly during the optimization process for wet condition in order to restrain the local expansion rate and suppress the spontaneous nucleation. At the trailing edge, the optimal profile in wet condition is thinner than the corresponding profile for dry condition. This alteration in optimal blade profile for wet condition in respect to the base profile increases the throat area of the cascade and elevates the local fluid pressure and subsequently constrains the nucleation rate and droplet growth. 
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Base profile (present study) Optimized profile (present study) Base profile [36] Optimized profile [36] 42 Fig. 17 (a) shows the comparison between the previous optimization method of [36] and the present optimizer code in non-condensing flow. The results show that both optimizer approaches act mainly on the leading edge and their performances are somehow similar to each other. This result also can approve the accuracy of the present optimizer method. In Fig. 17 (b) a comparison between the present optimization result and the result of [36] is presented for non-condensing flow. Although the blade profiles are different, one interesting result can be concluded. In noncondensing flows, the optimization mainly acts on the leading edge (of course when there is no sign of separation). But in condensing flow the main modification is made in the trailing edge in where the two-phase flow exists.
Conclusion
In this work, the shape optimization of a 3d nozzle and a 2d turbine blade cascade was presented 
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-Based on REG, the best suited target function for the nozzle shape optimization is the nucleation rate for which 81% and 15% reduction in entropy generation rate and droplet radius is reported against the base nozzle.
-Using maximum droplet radius as the objective function results in 59% reduction in the maximum droplet radius within the optimized Moore's "Nozzle A".
-Each shape optimization attempt suppressed the non-equilibrium condensation and weakens the condensation shock.
-Shape optimization delays the on-set of nucleation and restricts the growth of water droplets to a certain degree.
-Liquid mass fraction is reduced for the optimized nozzle profiles. -The most successful shape optimization scenario is achieved by using maximum droplet radius as the objective function. 34 % REG and 2.1 % increase in blade efficiency is attained.
-Optimization of blade profile modifies the expansion rate across blade cascade and diminishes the condensation shock.
-Shape optimization reduces the Mach number at the trailing edge of the blade and weakens the oblique shock wave originated from the region.
-The nucleation rate and liquid mass fraction is lowered for optimized profiles.
-Baumann factor reduces after each shape optimization attempt. A maximum 10 % reduction is reported.
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-The second best optimization scenario is achieved with liquid mass fraction as the target function.
-Shape optimization forms a thin layer adjacent to the blade surface with moderate nucleation sites.
Finally, k-ω SST turbulence model more accurately predicts the wet steam flow field in comparison to the well-known k-ε model for Moore's "Nozzle A" and Dykas's turbine blade cascade.
